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Available online 29 June 2016AbstractDuring well-killing operations for the workover of low-pressure gas wells, formation pressure should be balanced so as to guarantee well
control safety by preventing natural gas overflow. In this paper, a laboratory evaluation was conducted with fuzzy-ball fluids as killing fluids. The
results show that, the fuzzy-ball fluid, with a density of 0.5e1.5 g/cm3 and a viscosity up to 78,50,000 mPa$s at a low shear rate, realizes
controllable performance and forms piston-like plugging slugs of solid-free high structural strength on natural gas wellbore after bonding.
During well workover, multiple fluid column pressures were set up by injecting fuzzy-ball fluids with different densities at various rates. Owing
to high structural strength of the fluids at a low shear rate, natural gas breaks through only inside the piston-like slug and cannot flow upwards to
the ground, so the pathways of natural gas in the wellbore are isolated from the ground surface. Moreover, the fluid can wholly move up and
down like a piston-like plug, with the change of formation pressures or the tripping of pipe strings. Like the conventional operations, the
production can be restored after the workover, so long as the fluid in wellbore is cleaned by means of gas lift. In a natural gas field in NW China,
where the formation pressure coefficient dropped to 0.60e0.82, three wells were fully filled with fuzzy-ball workover fluids for 7 days and
another three wells were treated with the piston-like plugs of fuzzy-ball workover fluids for only 3 days. They all presented better technical
results. The technology provides a new way for low-pressure gas well workover.
© 2016 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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exploited for many years under formation pressure that has
dropped a lot. This is attributed to the fact that the gas column
pressure built by gas is too low to prevent the natural gas from
flowing out of the reservoir. This would bring subsequent
operations into a dilemma e if kill operation is not conducted,
well control safety can hardly be guaranteed; if kill operation
is conducted, the kill fluid would leak. The leakage may* Corresponding author. 18# Fuxue Rd Changping District, China University
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).damage the reservoir, and also cause the fluid column pressure
to drop. As a result, the formation pressure cannot be
balanced, and the gas enters the wellbore, threatening well
control safety. The solution to this contradiction is a kind of
kill fluid that can balance the formation pressure to prevent the
fluid from entering the reservoir, and can also prevent the gas
from breaking through and flowing to the surface.
Most kill fluids are liquids. Alternatively, mechanical
method can be adopted to avoid killing. There are many
successful cases of using the mechanical method [1] to protect
the reservoir, but the operation safety has all along been
castigated by people. Therefore, it has all along predominated
to use kill fluid to kill the well. Meaningful progress has beenElsevier B.V. This is an open access article under the CC BY-NC-ND license
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lost circulation resistance and plugging as the core and safety
guaranty and reservoir damage control as the objective. There
are mainly two types of such workover fluids.
One type is a workover fluid which is used to realize
leakage control by reducing fluid column pressure, typically
represented by foam workover fluid [2]. The foam workover
fluid has many advantages like low density and strong reser-
voir protection capacity. However, it has obvious defects like
short stable period and difficult field fluid infusion. Such
workover fluids also include oil in water and water in oil, and
density palliative can also be added. However, these fluids
only show limited lost circulation resistance and plugging
capacity as compared with foam workover fluid.
The other type is a workover fluid which is used to realize
leakage control by improving the bearing capacity of reservoir,
typically represented by shielding temporary plugging work-
over fluid [3]. This type of workover fluid has high plugging
strength, but its universality of controlling leakage is weak if it
is used in low pressure gas wells. Furthermore, the solid par-
ticles and polymers in the workover fluid would result in
damage to the reservoir, so the measures such as viscosity
break and acidizing break-down should be taken after work-
over operation.
Piston-like plugging of the fuzzy-ball workover fluids is
one of the methods to effectively avoid leakage. When the
piston-like plugs are formed in the wellbore, due to the vari-
ation of formation pressure or operation, the fluid pressure
changes, the fluid moves up and down, the shear rate on the
inner wall of the casing and inside fluid is low, the structural
force is very strong, and gas cannot break through the inner
wall and central part of the casing. After workover, the low
pressure gas well can generally be put back into production by
gas lift. The flow velocity of gas-lift gas exhibits a high shear
rate, at which the fuzz of fuzzy-ball fluids is separated from its
ball, the viscosity is reduced to only 1/1000 of low shear rate
or smaller, the piston-like plug is apt to be flown back to the
surface, and the gas well deliverability is gradually restored.
1. Operating principle of fuzzy-ball workover fluids
Currently, the practice adopted at the time of high forma-
tion pressure coefficient is still used for killing in most gas
fields, namely, clean brine (or clear water) added by about 5%
potassium chloride solution is continuously injected into the
wellbore to maintain the fluid column pressure, so as to
guarantee safe operation of the gas wells. However, the de-
mand for workover fluid is large, and the period for restoring
gas flow is long, which have aroused the concern of the
workover industry. In recent years, fracturing crosslinking
technique and selective water shut-off technique have been
introduced into the workover fluid, solidified water temporary
plugging agent [4] and gel temporary plugging agent [5] have
become the outstanding representative of gel type workover
fluid, but viscosity break or other clean-up operations need to
be performed.As to downhole fluid leakage, Zheng Lihui et al. [6]
believed that the fuzzy-ball technique under the guidance of
fuzzy plugging theory could realize effective plugging, and it
was not necessary to carry out additional operations for
restoring the gas flow [7]. At present, the mechanism of fuzzy-
ball fluid is still not clear, but it has been applied in many
operations of oil and gas fields. For instance, effective plug-
ging was realized in the drilling of depleted Moxi gas field [8],
workover of Jidong oilfield [9], cementation of Naiman oil-
field [10], and original fracture nondestructive refracturing of
Liaohe oilfield [11]. It was also universally applied in the
drilling of Ø215 mm horizontal well of coalbed methane [12],
extended reach well [13], multilateral well [14] and U-shaped
horizontal well [15]. It is also used for plugging inside the
leakage channels resulted from various kinds of pressures, so
as to realize lost circulation and sloughing resistance. How-
ever, because the formation pressure of gas wells becomes
increasingly low, and reservoir stimulation has been conducted
for many times, the cost cannot be controlled only by entering
reservoir to realize plugging, and the reservoir damage resul-
ted from the contact of fluid to reservoir cannot yet be furthest
reduced. Therefore, new application strategy has been cease-
lessly introduced on site.
Before workover is conducted in the gas well waiting to be
repaired, the wellhead is closed, and the gas in wellbore flows
stably. At that time, fuzzy-ball workover fluids are injected
through tubing or annular into the wellbore, and a certain
length of piston-like plug is formed. Fig. 1 shows the relation
among the piston-like plug, pay zone and gas bubble
breakthrough.
Fig. 1 shows that the piston-like fluid plug does not fill the
entire wellbore and does not contact the gas zone e there is
formation fluid or compressed gas below the piston-like plug,
and air above the plug. Gas breakthrough occurs in the mode
of gas bubble. Therefore, the formation of a piston-like fluid
plug must have two basic conditions. One is that the fluid
column pressure of the fluid plug itself can balance the for-
mation pressure. The other is that the structural force inside
the fluid plug is larger than the gas breakthrough force.1.1. Piston-like plug length for balancing the formation
pressureIn an ultimate case, there is no string in the wellbore. If the
fluid column pressure resulted from piston-like fluid plug is
required to balance the formation pressure, the fluid plug
length should meet the following equation.
pf ¼ rfbgLfb cos q ð1Þ
in which, pf indicates formation pressure, Pa; rfb indicates the
fluid plug density, kg/m3; g indicates acceleration of gravity,
m/s2; Lfb indicates the fluid plug length, m; q indicates hole
angle, ().
Fluid is generally prepared by volume on site. The piston-
like fluid plug volume should meet the following equation.
Fig. 1. Basic conditions for the forming of a piston-like plug of fuzzy-ball
fluids.
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in which, Vfb indicates the piston-like fluid plug volume, m
3;
D indicates casing internal diameter, m.1.2. Fluid structural force preventing gas from flowing
upwardWhen the fluid plug is formed, it must have stronger
structural force to “block” the gas from breaking through the
fluid plug to come to the surface and prevent the fluid from
gliding along the inner wall of the casing to replace the gas.
Under critical conditions, the structural force should satisfy
Eq. (3). In other words, under the circumstance of not
considering the gas expansion, the spherical gas bubble
buoyancy equals to the shear strength of Bingham rheological
model or approaches the product of viscosity at low shear rate
and shear rate, that is,
ts ¼ F ¼ 1
6
rfbgd ¼ hlsgls ð3Þin which, ts indicates fluid structural force, Pa; F indicates gas
bubble buoyancy, Pa; d indicates gas bubble diameter, m; hls
indicates viscosity at low shear rate, mPa$s; gls indicates a low
shear rate, s1.
When the fuzzy-ball fluid is converted from high shear rate
to low shear rate, not only the structural viscosity is increased,
but also it is transited from oil wet to water wet, and the
adsorptive power at the inner wall of the casing becomes
increasingly strong. When the gas flows, the flow rate at casing
wall is very low, the structural force is larger, and the stiction
is also larger, which increases the difficulty of gas breaking
through from the inner wall of the casing in the wellbore.
Theoretically, as long as the density or length and internal
structural force of the piston-like fluid plug are sufficient, the
two equations are effective, i.e., such a fluid plug can be
formed.
2. Laboratory test on the performance of the piston-like
plugging of fuzzy-ball workover fluids
The adjustable range of density and the structural strength
at a low shear rate of fuzzy-ball fluid were studied in
laboratory.2.1. Measurement of the piston-like plugsA fuzzy-ball fluid was prepared using the common ho-
mogenizer in laboratory to add 0.8e1.2% of fuzz agent,
2.0e3.0% of ball layer agent, 0.4e0.8% of ball core agent and
0.8e1.6% of ball membrane agent every 20 min at 10,000 r/
min. Liquid densimeter is used to measure the density of the
fuzzy-ball fluid, which is poured into 500 mL measuring
cylinder to observe its stable period. The formula, fluid density
and stable period of the fuzzy-ball workover fluid are shown in
Table 1.
Table 1 shows that by means of adjusting the treating
chemical dosage of the fuzzy-ball fluid, the solid-free density
can range between 0.5 and 1.5 g/cm3, which basically can
meet the conditions of forming a stable piston-like plug in
low-pressure or even high-pressure gas wells. Meanwhile, the
stable period of more than 3 days can guarantee the workover
to be wholly accomplished.2.2. Measurement of the piston-like plug viscosityThe HAAKE RheoStress 6000 rheometer was used to
measure the viscosity of 6 kinds of fuzzy-ball fluids with
different density at 0.0001 s1, 0.001 s1, 0.1 s1, 1 s1,
100 s1 and 1000 s1 shear rates under 0.2 MPa and at 50 C
respectively, so as to evaluate the viscosity of the fluids at high
and low shear rates. For the convenience of observing the
viscosity variation tendency, the logarithm of viscosity was
used for plotting, as shown in Fig. 2.
Fig. 2 shows that when the shear rate of the fuzzy-ball fluid
with density of 0.5 g/cm3 is 0.0001 s1, it can be considered as
a low shear rate, and the viscosity can reach 10000000 mPa$s.
Based on the formula of shearing force, i.e., structural force
Table 1
Formula and performance of fuzzy-ball workover fluids.
Formula Fuzz agent
dosage
Ball layer
agent dosage
Ball core
agent dosage
Ball membrane
agent dosage
Auxiliary treatment
agent dosage
Fuzzy-ball fluid
density/(g$cm3)
Stable
period/d
1 1.2% 3.0% 0.8% 1.6% None 0.5 3
2 1.0% 2.5% 0.6% 1.2% None 0.8 5
3 0.8% 2.0% 0.4% 0.8% None 0.9 6
4 1.2% 3.0% 0.8% 1.6% 20% (Salt) 1.1 7
5 1.2% 3.0% 0.8% 1.6% 80% (Sodium formate) 1.3 7
6 1.2% 3.0% 0.8% 1.6% 300% (Potassium formate) 1.5 7
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shearing force is figured out to be 1000 Pa. Moreover, when
the shear rate of fuzzy-ball fluid with density of 1.5 g/cm3 is
0.0001 s1, the viscosity can reach 7850000 mPa$s, and the
converted shearing force is 785 Pa. The low shear rate can be
approximately regarded to be in a dormant state, and the
structural strength of fuzzy-ball fluid is very large.
Supposing that the maximum spherical gas bubble in
Ø177.8 mm casing (161.7 mm I.D.) would break through the
piston-like plug with density of 1.5 g/cm3, the breakthrough
force required is figured out to be 396.17 Pa by the fluid
structural force Eq. (3). The structural force of the fuzzy-ball
fluid with density of 1.5 g/cm3 is the lowest, i.e., 785 Pa. The
breakthrough force is lower than the structural force, and the
piston-like plug cannot be broken through. Therefore, when
the fuzzy-ball fluid is dormant, it can meet the requirements of
high structural strength, and the gas bubble can be effectively
sealed.
Fig. 2 also shows that when the shear rate of the fuzzy-ball
fluid with density of 0.5 g/cm3 is 1000 s1, it can be regarded
as moderate high shear rate, and the viscosity is 80 mPa$s.
When the shear rate of the fuzzy-ball fluid with density of
1.5 g/cm3 is 1000 s1, the viscosity is 35 mPa$s. The test
results show that the fuzzy-ball fluid has a stronger shear-
thinning property. Because the shear-thinning property is
strong, injection can be easy at relatively low pump pressure.
At the time of flowing, flat plate laminar flow is more easily
formed; whereas at the time of gas lift, the overall flowability
is good enough for it to flow back to the surface.Fig. 2. Shear rate vs viscosity of fuzzy-ball fluids with different densities.3. Application of the piston-like plugging of fuzzy-ball
workover fluids in gas wells
Before workover, the fuzzy-ball workover fluids are injec-
ted to isolate the formation gas. In tripping operation, the
piston-like plug is shortened or elongated. In operation, the
plug reciprocates with the change of formation gas pressure to
balance it. At the time of production restoration by gas lift, the
plug is pushed out of the wellhead by gas-lift gas, and the gas
flow channel is restored. After a gas field has been developed
for more than ten years in NW China, the formation pressure
coefficient dropped from normal one to about 0.6. The fluid-
carrying capability of gas became weakened, the gas well
could not be normally produced or was even forced to shut in.
For the sake of preventing leakage from triggering safety
problems and putting the gas well back into production as
quickly as possible, fuzzy-ball fluids were adopted for work-
over. Because it was believed that three wells were hard to be
plugged only by the piston-like fluid plugs, the fuzzy-ball
fluids were adopted to fill the whole well. In field operation,
the pressure coefficient was converted by downhole pressure,
then added by 0.1 additional pressure coefficient, the density
of the fuzzy-ball fluid required was figured out; after prepa-
ration, the fuzzy-ball fluid was injected into the whole well,
and workover would not be conducted until the injected fuzzy-
ball fluid was seen at the wellhead. Fuzzy-ball workover fluids
were also tested in another three wells. In this case, the piston-
like plug length was figured out by allowing the density to be
0.3e0.4 higher than the pressure coefficient, and then, the
dosages were figured out. After the fuzzy-ball fluid was pre-
pared, it was injected into the wellbore. When the tubing and
casing pressures were observed as 0, the workover was con-
ducted. For the sake of well evaluating the gas flow rate
restoration effect, the period spent in restoring the gas flow
rate after workover to the same gas flow rate before workover
was taken as the evaluation indicator of workover effect. This
period was called as equivalent flow rate restoration period.
The densities, viscosities, plugging modes and dosages of
fuzzy-ball fluids adopted in the 6 wells are shown in Table 2.
The intake volume of wellbore shown in Table 2 shows that
when the fuzzy-ball fluid piston-like plug is used for work-
over, about 50 m3 fuzzy-ball fluids should be injected into the
wellbore to seal the natural gas. With consumption and certain
additional volume taken into account, 100 m3 fuzzy-ball fluid
should be prepared for one well. If the wellbore is filled by the
Table 2
Performance parameter and effect of fuzzy-ball workover fluids in 6 gas wells.
Well no. Mid-depth of a
gas reservoir/m
Formation
pressure
coefficient
Average density of
fuzzy-ball fluid/(g$cm3)
Average reading of
6-velocity viscometer
600 r/min
Plugging mode Intake
volume of
wellbore/m3
Equivalent
flow rate
restoration
period/d
1 3470.30 0.75 0.85 108 Full wellbore 70 6
2 3156.80 0.80 0.91 98 Full wellbore 65 4
3 3664.00 0.82 0.90 101 Full wellbore 75 9
4 3257.85 0.67 0.95 96 Piston-like plug 45 4
5 3536.35 0.78 1.05 85 Piston-like plug 55 2
6 3128.70 0.62 0.93 90 Piston-like plug 41 3
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consumption and additional volume taken into account,
120 m3 fuzzy-ball fluid should be prepared for one well. The
gas flow rate restoration effect listed in Table 2 shows that the
equivalent flow rate restoration period of fuzzy-ball fluid
piston-like plug plugging operation is averagely about 3 days,
whereas that of full wellbore operation is averagely about 7
days.
It is also observed from Table 2 that the average reading of
6-velocity viscometer 600 r/min is 96, and the viscosity is
48 mPa$s, which is far lower than the viscosity at low shear
rate. This has provided convenience for production restoration
by gas lift.
4. Conclusions
1) Both theory and field application show that, not only the
reservoir is not contacted or contacted as little as
possible, but the workover safety is guaranteed and the
reservoir is protected, when the piston-like plugging of
fuzzy-ball workover fluids is used in fields.
2) The piston-like plugging of fuzzy-ball workover fluids is
a new method suggested in practice for solving the
production problems. Both laboratory study and field
practice prove its practical application value and the
application field of fuzzy-ball fluids is thus widened.References
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